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The research development of rockﬁll materials (RFM) was investigated by a series of large-scale triaxial
tests. It is observed that conﬁning pressure and particle breakage play important roles in the mechanical
property, dilatancy relation and constitutive model of RFM. In addition, it is observed that the conven-
tional dilatancy relation and constitutive model are not suitable for RFM due to the complex mechanical
behavior. Hence, it needs to propose a uniﬁed constitutive model of RFM, considering the state-
dependent and particle breakage behavior.
 2016 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
China has the largest water resources across the world, and
nearly 80% of them exist in the Midwest China. But current devel-
opment of water resources is quite low, which is mainly through
construction of high dam. The embankment dam is widely used in
the hydropower engineering for its easier material selection, lower
cost, and simpler structure. The stress of rockﬁll materials (RFM)
increases with increasing height of embankment dam, and this will
produce particle breakage of RFM, and seismic load also results in
particle breakage. Due to the particle breakage of RFM, the volume
compression of RFMwill lead to impervious system failure, which is
the most important structure of an embankment dam, and the
failure of impervious systemmarks the failure of embankment dam.
Campos Novos concrete face rockﬁll dam (CFRD), with height of
202 m and length of 590 m, suffered serious damage during
impoundment in 2005 for the ﬁrst time. At the middle segment of
Campos Novos CFRD, face slab rupture and increasing seepagewere
detected as storage water level reached about 92% of the normal
storage water level. While some cracks at the base of CFRD would
result from emptying the storage for repairing slab. Similarf Rock and Soil Mechanics,
s, Chinese Academy of Sciences. Pr
y-nc-nd/4.0/).phenomenon was observed in Mohale CFRD (Johannesson and
Tohlang, 2007) and Tianshengqiao No. 1 CFRD. Cristian (2011)
found that a large stress distribution would be produced in RFM
at the back of face slab during water impoundment, which would
lead to particle crushing, and then cause separation of face slab.
When face slab loses the support of RFM, the whole structure is
very weak, and crack and rupture may occur.
The Zipingpu CFRD in China has a maximum settlement of
100 cm and horizontal displacement of 60 cm (Guan, 2009; Liu
et al., 2013) during the ‘5.12’ Wenchuan earthquake in 2008.
There were different settlements of dam crest, e.g. separation be-
tween the dam crest and face slab, fall of RFM at upstream slope,
and a large amount of damage to the impervious system. During
earthquake, the particle breakage of RFM, which is the main ma-
terial component of CFRD, would lead to whole shrinkage defor-
mation and some extrusion damage for the face slab of CFRD, and
then dam seepage occurred.
There are lots of CFRDs worldwide and some of them are sub-
jected to damage during the impoundment or seismic loading.
However, the failure mechanism of RFM is far from being well-
understood. Therefore, it is essential to carry out a series of labo-
ratory tests on RFM, which is the vital part of a CFRD.
The main objective of this paper is to investigate the research
development of RFM. Based on a series of large-scale triaxial tests
conducted by other authors, this paper summarizes the inﬂuencesoduction and hosting by Elsevier B.V. This is an open access article under the CC BY-
Fig. 2. Variations of peak state friction angle of RFM with particle breakage index.
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property and dilatancy relation. In addition, the research status and
prospects of RFM mechanical property, dilatancy relation, particle
breakage and constitutive model are also described.
2. Large-scale triaxial tests
The particle size of RFM was reduced to a smaller one by the
parallel gradation technique (Lowe,1964) in viewof the limitation of
laboratory test instrument. Marsal et al. (1965) and Marsal (1967)
carried out a series of large-scale triaxial tests to examine the
behavior of RFM. The height, diameter,maximumparticle size of the
RFM and conﬁning pressure were 2500 mm, 1130 mm, 180 mm,
2.5 MPa, respectively. Other similar large-scale triaxial tests were
carried out to investigate the strength (Marachi et al., 1969, 1972;
Xiao et al., 2014a, b; 2015a), cycle (Anderson and Fair, 2008; Araei
et al., 2012; Sun et al., 2014a) and shear behaviors (Charles and
Watts, 1980; Barton and Kjaernsli, 1981; Indraratna et al., 1998).
This paper summarizes the tests data reported by other authors
(Marsal et al., 1965; Marsal, 1967; Marachi et al., 1969; Charles and
Watts, 1980; Indraratna et al., 1993; Varadarajan et al., 2003) to
investigate the inﬂuencing factors on themechanical failure of RFM.
2.1. Mechanical behavior
2.1.1. Strength
As the conﬁning pressure p0 increases, the peak state friction
angle 4p of RFM decreases signiﬁcantly for p0 < 1 MPa, while de-
creases at a more subdued pace for p0 > 1 MPa, as shown in Fig. 1.
The maximum and minimum peak state friction angles are 60 and
35, respectively.
Fig. 2 shows that the peak state friction angle 4p reduces with
increasing particle breakage index Bg which is deﬁned by particle
size distribution (PSD) curves (Marsal et al., 1965; Marsal, 1967).
The greater particle breakage index Bg, themore energy dissipation,
and the smaller peak state friction angle 4p.
There are not obvious variations of peak state friction angle 4p
with different initial void ratios (see Fig. 3) and maximum particle
size (see Fig. 4).
Fig. 5 presents a complex relationship between peak state fric-
tion angle 4p and coefﬁcient of uniformity Cu. An increase in coef-
ﬁcient of uniformity Cu leads to an increase in peak state friction
angle 4p in some tests, while a decrease for the others.
Compared with the ﬁve factors which have been described
above, conﬁning pressure p0 and particle breakage index Bg play the
most important roles in the strength of RFM.Fig. 1. Variations of peak state friction angle of RFM with conﬁning pressure.2.1.2. Stressestrain relationship
The state-dependent behavior of stressestrain relationship was
investigated through a series of large-scale triaxial tests under
different initial states (Honkanadavar, 2010; Seif El Dine et al.,
2010). Fig. 6 shows the comparisons between stressestrain re-
lationships of RFM and Toyoura sand. With increase of axial strain,
the volume strains of RFM and Toyoura sand ﬁrstly increase to the
peak value, and then decrease. Even though there is an obvious
volume dilatation behavior of both RFM and Toyoura sand, the
stress ratio h of RFM presents a stress hardening behavior, while
Toyoura sand displays a stress softening behavior. Similar behaviors
were found in the works of other authors (Gupta, 2000;
Varadarajan et al., 2001; Indraratna and Salim, 2002; Salim and
Indraratna, 2004; Varadarajan et al., 2006; Gupta, 2009a, b;
Honkanadavar, 2010; Honkanadavar et al., 2011, 2012; Vasistha
et al., 2012, 2013; Honkanadavar and Sharma, 2013).
2.2. Dilatancy behavior
The research on the dilatancy behavior of RFM is far from suf-
ﬁcient. Indraratna and Salim (2002) improved the stress-dilatancy
relationship by incorporating particle breakage, and proposed a
relative constitutive equation based on the large-scale triaxial tests
data of coarse aggregates. Xu and Song (2009) revised Rowe stress-
dilatancy relationship by adding a parameter to consider the dif-
ferences between the actual model of RFM and the idealized model
of sand in particle size (Sun et al., 2014b, c), in association withFig. 3. Variations of peak state friction angle of RFM with initial void ratio.
Fig. 4. Variations of peak state friction angle of RFM with maximum particle size.
Fig. 5. Variations of peak state friction angle of RFM with coefﬁcient of uniformity.
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Xiao et al. (2015b) found that the stress-dilatancy relation of coarse
granular soils was greatly inﬂuenced by the intermediate principal
stress ratio through a series of true triaxial compression tests (Xiao
et al., 2014f).
Bolton (1986) put forward an empirical stress-dilatancy model
of sand based on the tests of 17 different sands, and this model wasFig. 6. Comparisons between stressestrain relationships of RFM and Toyoura sand.in good agreement with the test data as critical friction angle was
about 30. When the critical friction angle was greater than 40, the
differences between the model predictions and test results are
signiﬁcantly large.
The peak state friction angle 4p increases with the increasing
maximum dilatancy angle jmax (as shown in Fig. 7), and the peak
state friction angle 4p is equal to the critical state friction angle 4cs
when the maximum dilatancy angle jmax decreases to zero. Fig. 7
also shows that the critical state friction angle 4cs is about 40,
greater than 30. In this regard, the empirical stress-dilatancy
relationship proposed by Bolton (1986) cannot be applied directly
in such condition.
As shown in Fig. 8, the excess friction angle with regard to the
maximum dilatancy angle jmax can be linearly expressed as
4p  4cs ¼ cdj (1)
where cd is a dilative parameter with a value of 0.37.
While the dilatancy parameter for stress-dilatancy relation
proposed by Bolton (1986) was 0.8 in plane strain test and 0.5 in
triaxial test, both of themwere different from 0.37 reported by this
paper.2.3. Particle breakage behavior
2.3.1. Breakage index
Particle breakage index that quantiﬁes the degree of particle
breakage, can reﬂect the degree of particle crushing of material (Lee
and Farhoomand, 1967; Hardin, 1985; Lade et al., 1996; Muir Wood,
2007; Muir Wood and Maeda, 2008; Muir Wood et al., 2009) and
energy dissipation (McDowell et al., 1996; McDowell and Bolton,
1998; Ueng and Chen, 2000; Einav, 2007aed, 2008; Einav et al.,
2007; Nguyen and Einav, 2009; Ben-Nun and Einav, 2010; Russell,
2011). Particle breakage index can be divided into different cate-
gories based on four methods. The ﬁrst one is the PSD method,
which is based on the differences of PSD before and after test. This
method produced a single index, such as B15 (Lee and Farhoomand,
1967), B10 (Lade et al., 1996), Bg (Marsal, 1967) and Bt (Nakata et al.,
1999), and a global index, such as Br (Hardin, 1985), BrE (Einav,
2007a), IG (Muir Wood and Maeda, 2008), and BBI (Indraratna
et al., 2005). The second one is ﬁne content (FC) method
(d < 0.075 mm) (Miura et al., 2003). The third one is area method
(Miura and Yamamoto, 1976; Miura and O-Hara, 1979; McDowell
et al., 1996; McDowell and Bolton, 1998; Cristian, 2011; Fox, 2011;Fig. 7. Variations of the peak state friction angle of RFM with the maximum dilatancy
angle.
Fig. 8. Variations of excess friction angle of RFM with maximum dilatancy angle. Fig. 10. Variations of particle breakage index of RFM with coefﬁcient of uniformity.
Fig. 11. Variations of particle breakage index of RFM with initial void ratio.
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test and the last one is the discrete element method (DEM) (Cheng
et al., 2003, 2004; Lobo-Guerrero and Vallejo, 2005, 2006a, b; Lobo-
Guerrero et al., 2006; Einav, 2008; Ben-Nun and Einav, 2010;
Indraratna et al., 2010; Thakur et al., 2010; Bagherzadeh Kh et al.,
2011;Wang and Yan, 2012; Indraratna et al., 2013), which simulates
particle breakage by a discrete element software.
The particle breakage index Bg (Marsal, 1967) increases as the
conﬁning pressure arises (as shown in Fig. 9), while decreases with
an increase in coefﬁcient of uniformity Cu (as shown in Fig. 10). The
greater conﬁning pressure, the more contact force among particles,
which leads to the greater particle breakage. In addition, greater
coefﬁcient of uniformity Cu means more intermediate particles, and
the PSD curve is distributed in a wider range, resulting in more
contacts among particles. A decrease in the force of each particle
due to increasing contacts causes decrease in the particle breakage.
There are no obvious variations of particle breakage index Bg
with different initial void ratios (as shown in Fig. 11) and maximum
particle size (as shown in Fig. 12).2.3.2. Mechanical model on particle breakage
The mechanical model considering particle breakage was
mainly based on the energy dissipation equation (McDowell et al.,
1996; McDowell and Bolton, 1998; Ueng and Chen, 2000; Einav,
2007aed, 2008; Einav et al., 2007; Russell, 2011). McDowell et al.Fig. 9. Variations of particle breakage index of RFM with conﬁning pressure.(1996) used the basic equation of energy dissipation to ﬁnd a
new mechanical model incorporating crushing energy dissipation
mechanism. Einav (2007a) proposed the crushing mechanical and
relevant constitutive model (Einav, 2007bed; Einav et al., 2007) in
view of the fractal theory, relative breakage index (Hardin, 1985)
and crushing energy dissipation equation.Fig. 12. Variations of particle breakage index of RFM with maximum particle size.
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3.1. Critical state theory and model
Critical state theory (CST) (Schoﬁeld and Wroth, 1968) repre-
sents the start of modern soil mechanics and is ﬁrst used for
cohesive soils. Been and Jefferies (1985) proposed a state parameter
j, which is the differences between current void ratio and critical
state void ratio. Many researchers used CST for sands by adding this
state parameter (Been et al., 1991; Jefferies,1993; Sheng et al., 2008;
Cameron and Carter, 2009). Subsequently, a series of state param-
eters was pointed out (Ishihara, 1993; Wan and Guo, 1998; Wang
et al., 2002; Lashkari, 2009). Cubrinovski and Ishihara (1998a, b)
presented a state-dependent constitutive model for sand based
on the state parameter (Ishihara, 1993). Yu (1998) proposed a
uniﬁed state parameter model for clay and sand (Yu, 2006; Yu et al.,
2007a, b).
Manzari and Dafalias (1997) presented a state-dependent model
for sand under multi-axial conditions based on the state parameter
j (Been and Jefferies, 1985) and bounding surface plastic theory
(Dafalias and Popov, 1975, 1976; Yang et al., 1985; Anandarajah and
Dafalias, 1986; Dafalias and Herrmann, 1986; Dafalias, 1986a, b;
Kaliakin and Dafalias, 1990; Wang et al., 1990; Crouch et al.,
1995), then extended the anisotropic state-dependent model for
clay or sand (Dafalias andManzari, 2002, 2004; Dafalias et al., 2004,
2006; Li and Dafalias, 2004, 2012; Ming et al., 2007; Taiebat and
Dafalias, 2008; Taiebat et al., 2011), and destruction behavior for
structural soil (Taiebat et al., 2010). Li and Dafalias (2000) estab-
lished a uniﬁed state-dependent model for sand under triaxial test
based on the critical state behavior (Li, 1997; Li and Wang, 1998),
and in this model, both dilative stress ratioMd and bounding stress
ratio Mb were in the exponential forms of state parameter j.
3.2. Bounding surface plastic theory and model
Bounding surface plastic theory is particularly appropriate for
simulating the stressestrain behavior of geotechnical materials
under complex stress condition. Bounding surface model is a spe-
cial case of multiple potential surface models (Mroz et al., 1979),
and is the two-surface model (Dafalias and Popov, 1975; Krieg,
1975; Mroz et al., 1979; Dafalias, 1986b) actually. It was ﬁrst
applied to metal (Dafalias and Popov, 1975, 1976; Krieg, 1975), and
then used for concrete (Yang et al., 1985), for pavement materials
(McVay and Taesiri, 1985), for cohesive soils (Anandarajah and
Dafalias, 1986; Banerjee and Yousif, 1986; Dafalias and Herrmann,
1986; Dafalias, 1986a; Kaliakin and Dafalias, 1990; Liang and Ma,
1992a, b; Dafalias and Manzari, 2002; Ling et al., 2002; Dafalias
et al., 2006; Jiang and Ling, 2010; Taiebat et al., 2010, 2011), for
sands (Bardet, 1986; Liang et al., 1988; Wang et al., 1990; Liang and
Shaw, 1991; Manzari and Dafalias, 1997; Dafalias and Manzari,
2004; Dafalias et al., 2004; Li and Dafalias, 2004; Khalili et al.,
2005; Taiebat and Dafalias, 2008; Taiebat et al., 2010), for geo-
synthetics (Ling et al., 2001; Liu and Ling, 2007), and for RFM (Xiao
et al., 2011, 2012, 2014c, d, e, 2015c, d). In addition, Crouch et al.
(1995) put forward a uniﬁed bounding surface model for clay and
sand. Moreover, Manzari and Nour (1997) proposed a general im-
plicit algorithm of bounding surface model. Liang and Ma (1992c,
d), Yao et al. (2008a, 2009, 2012) and Yao and Kong (2012) pre-
sented a limit surface. Wang et al. (2012) found a reference surface,
which was similar to the bounding surface.
3.3. Model incorporating particle breakage
More and more scholars have paid attention to the constitutive
model considering particle breakage owing to its important role inthe mechanical behaviors of granular materials, such as dilatancy,
strength and stressestrain behavior. Overall, these models can be
classiﬁed into six categories.
The ﬁrst one is the revised stress-dilatancy relation method.
Indraratna and Salim (2002) used test results of particle breakage to
revise the stress-dilatancy relation (Rowe,1962) by adding crushing
amount and particle breakage index into the dilatancy relation, and
then proposed a related plastic constitutive model (Salim and
Indraratna, 2004). Xu and Song (2009) analyzed particle breakage
by adding a parameter to the stress-dilatancy relation (Rowe,1962).
In addition, McDowell et al. (1996), McDowell and Bolton (1998),
and Russell (2011) revised the plastic ﬂow rule of Cam-Clay model
in view of energy dissipation during particle breakage, and pro-
posed a new model.
The second one is thermo-mechanical approach. Einav (2007a)
developed a thermo-mechanical approach, which was based on
the continuum damage mechanics and hypothesis of fractal theory,
and then proposed a series of constitutive methods (Einav, 2007b;
Einav et al., 2007; Nguyen and Einav, 2009; Ben-Nun and Einav,
2010).
The third one is modiﬁed hardening parameter method. Yao
et al. (2008b) examined the effect of particle breakage on the
slope of critical state line (CSL) through the relationship between
the hardening parameter and particle breakage, and proposed a
constitutivemodel based on the uniﬁed hardening (UH)model (Yao
et al., 2009). Fu et al. (2012, 2014) amended the critical state stress
ratioMcs indirectly by altering the critical state friction angle 4cs on
the basis of the generalized plasticity theory (Pastor et al., 1990).
Moreover, based on the Cam-Clay model, Cecconi et al. (2002)
presented a constitutive method considering particle breakage
through the relationship among the friction angle, yield surface
shape and accumulated plastic strain. Xiao et al. (2015d) proposed a
particle breakage critical state model and introduced the relative
breakage index Br to the yield surface and hardening rule.
The fourth one is DSC model. Based on the DSC model (Desai,
2001), Varadarajan et al. (2003, 2006) reversed the stressestrain
relationship in initial condition that there was no breakage, and
then derived the relevant model.
The ﬁfth one is the nonlinear CSL method in e-log10p plane. Li
and Wang (1998) presented an exponential CSL considering parti-
cle breakage indirectly, and the slope of this CSL increased with an
increase in stress. Within the framework of bounding plastic the-
ory, Russell and Khalili (2004) described the nonlinear behavior of
CSL under different stress states and particle breakage conditions
by building complex piecewise functions in e-log10p plane, and
then proposed a model considering particle breakage. Indraratna
et al. (2014) pointed out that the CSL was not straight for low
conﬁning pressure due to particle breakage of the ballast, and
proposed a modiﬁed Cam-Clay model considering particle
breakage by introducing the particle breakage index BBI to the state
parameter j, yield function f and dilatancy relationship.
The sixth one is the relationship among the location of CSL,
crushing and plastic amount method. Daouadji et al. (2001) found
that particle breakage would lead to the variation of maximum and
minimum void ratios, as a result of which CSL fell down with
increasing particle breakage in e-log10p plane. They built the rela-
tionship between accumulating revised plastic amount and loca-
tion of CSL, and then obtained a constitutive model by
incorporating particle breakage. In addition, some extensions of
this model (Daouadji et al., 2001) had been done (Daouadji and
Hicher, 2010; Hu et al., 2011). Moreover, Muir Wood et al. (2009)
proposed a model considering particle breakage based on the
relationship between the grading variation and particle breakage
index IG. Meanwhile, based on the generalized plastic mechanics,
Liu and Zou (2013) presented the relationships of CSL location,
Y. Xiao et al. / Journal of Rock Mechanics and Geotechnical Engineering 8 (2016) 415e422420crushing and plastic amount, and then built a model by incorpo-
rating particle breakage.
4. Discussion
The constitutive models mentioned above are generally applied
to the sandy and clayey soils. Research on the constitutive model of
RFM is not as intensive as that of sands. There are some errors in
applying the existing models into RFM, since the strength of RFM is
higher than that of sand and clay. Furthermore, the dilatancy
behavior of RFM is different from that of sand. It should also be
noted that even the particle breakage of RFM is evident, and the
stressestrain relationship of RFM is very complicated.
Many large-scale triaxial tests have shown that the strength of
RFM is nonlinear on the meridian plane and is approximately
rounded triangle on the deviatoric plane, and these behaviors
cannot be described accurately by common strength criterion. So, it
is necessary to propose a series of nonlinearly isotropic or aniso-
tropic strength criteria considering these behaviors of RFM
mentioned above.
The dilatancy behavior of RFM is complex, which is mainly
affected by particle breakage and conﬁning pressure. The particle
breakage of RFM is obvious, and the degree of breakage is not easy
to be quantiﬁed by common particle breakage indices due to the
large dimension of RFM. In addition, it is complex to measure the
area of PSD curve before and after tests, and there is no unique
result due to the effect of unit for the total one. There is a tendency
to propose a related simple and uniﬁed total particle breakage in-
dex of RFM in the future research.
Conventional constitutive model, such as DuncaneChang
model, cannot consider the inﬂuence of intermediate principal
stress, particle breakage, conﬁning pressure and initial void ratio on
the stressestrain relationship of RFM synthetically. So, it is neces-
sary to propose a state-dependent parameter and particle breakage
index of RFM for describing the critical state behavior of RFM
considering particle breakage.
5. Conclusions
A series of large-scale triaxial tests was summarized to inves-
tigate the research development of RFM on the mechanical prop-
erty, dilatancy relation, particle breakage and constitutive model.
Conﬁning pressure and particle breakage index play the most
important roles in determining the strength of RFM. Dilatancy
relation proposed by Bolton is not suitable for RFM due to the
different particle shapes and breakage mechanisms. In addition,
particle breakage of RFM varies with conﬁning pressure and initial
void ratio. Conventional constitutive model cannot describe the
complex behaviors of RFM. Therefore, it is necessary to propose a
uniﬁed constitutive model of RFM, considering the state-
dependent and particle breakage behavior.
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The following symbols are used in this paper:
p0 Conﬁning pressure (kPa)
4p Peak state friction angle
4cs Critical state friction angle
Bg Particle breakage index
e0 Initial void ratio
dmax Maximum particle size
Cu Coefﬁcient of uniformity
h Stress ratio
jmax Maximum dilatancy angle
cd Dilative parameter
Md Dilative stress ratio
Mb Bounding stress ratio
j State parameter
IG Particle breakage indexReferences
Anandarajah A, Dafalias YF. Bounding surface plasticity III: application to anisotropic
cohesive soils. Journal of Engineering Mechanics 1986;112(12):1292e318.
Anderson WF, Fair P. Behavior of railroad ballast under monotonic and cyclic
loading. Journal of Geotechnical and Geoenvironmental Engineering
2008;134(3):316e27.
Araei AA, Razeghi HR, Ghalandarzadeh A, Hashemi Tabatabaei S. Effects of loading
rate and initial stress state on stressestrain behavior of rock ﬁll materials under
monotonic and cyclic loading conditions. Scientia Iranica 2012;19(5):1220e35.
Bagherzadeh Kh A, Mirghasemi AA, Mohammadi S. Numerical simulation of particle
breakage of angular particles using combined DEM and FEM. Powder Tech-
nology 2011;205(1e3):15e29.
Banerjee PK, Yousif NB. A plasticity model for the mechanical behaviour of aniso-
tropically consolidated clay. International Journal for Numerical and Analytical
Methods in Geomechanics 1986;10(5):521e41.
Bardet JP. Bounding surface plasticity model for sands. Journal of Engineering
Mechanics 1986;112(11):1198e217.
Barton N, Kjaernsli B. Shear strength of rockﬁll. Journal of the Geotechnical Engi-
neering Division 1981;107(7):873e91.
Been K, Jefferies MG. A state parameter for sands. Geotechnique 1985;35(2):99e112.
Been K, Jefferiest MG, Hachey J. The critical state of sands. Geotechnique
1991;41(3):365e81.
Ben-Nun O, Einav I. The role of self-organization during conﬁned comminution of
granular materials. Philosophical Transactions: Series A, Mathematical, Phys-
ical, Engineering Sciences 2010;368(1910):231e47.
Bolton MD. The strength and dilatancy of sands. Geotechnique 1986;36(1):65e78.
Cameron DA, Carter JP. A constitutive model for sand based on non-linear elasticity
and the state parameter. Computers and Geotechnics 2009;36(7):1219e28.
Cecconi M, DeSimone A, Tamagnini C, Viggiani GMB. A constitutive model for
granular materials with grain crushing and its application to a pyroclastic soil.
International Journal for Numerical and Analytical Methods in Geomechanics
2002;26(15):1531e60.
Charles JA, Watts KS. The inﬂuence of conﬁning pressure on the shear strength of
compacted rockﬁll. Geotechnique 1980;30(4):353e67.
Cheng YP, Nakata Y, Bolton MD. Discrete element simulation of crushable soil.
Geotechnique 2003;53(7):633e41.
Cheng YP, Bolton MD, Nakata Y. Crushing and plastic deformation of soils simulated
using DEM. Geotechnique 2004;54(2):131e41.
Cristian JNG. Mechanical behavior of rockﬁll materials-Application to concrete face
rockﬁll dams. PhD Thesis. Paris: Ecole Centrale Paris; 2011.
Crouch BRS, Wolf JP, Dafalias YF. Uniﬁed critical-state bounding-surface plasticity
model for soil. Journal of Engineering Mechanics 1995;120(11):2251e70.
Cubrinovski M, Ishihara K. Modelling of sand behaviour based on state concept.
Soils and Foundations 1998a;38(3):115e27.
Cubrinovski M, Ishihara K. State concept and modiﬁed elastoplasticity for sand
modelling. Soils and Foundations 1998b;38(4):213e25.
Dafalias YF, Popov EP. A model of nonlinearly hardening materials for complex
loading. Acta Mechanica 1975;21(3):173e92.
Dafalias YF, Popov EP. Plastic internal variables formalism of cyclic plasticity. Journal
of Applied Mechanics 1976;43(4):645e51.
Dafalias YF. An anisotropic critical state soil plasticity model. Mechanics Research
Communications 1986a;13(6):341e7.
Dafalias YF. Bounding surface plasticity I: mathematical foundation and hypo-
plasticity. Journal of Engineering Mechanics 1986b;112(9):966e87.
Dafalias YF, Herrmann LR. Bounding surface plasticity II: application to isotropic
cohesive soils. Journal of Engineering Mechanics 1986;112(12):1263e91.
Daouadji A, Hicher PY, Rahma A. An elastoplastic model for granular materials
taking into account grain breakage. European Journal of Mechanics e A/Solids
2001;20(1):113e37.
Y. Xiao et al. / Journal of Rock Mechanics and Geotechnical Engineering 8 (2016) 415e422 421Dafalias YF, Manzari MT. A simple anisotropic clay plasticity model. Mechanics
Research Communications 2002;29(4):241e5.
Dafalias YF, Manzari MT. Simple plasticity sand model accounting for fabric change
effects. Journal of Engineering Mechanics 2004;130(6):622e34.
Dafalias YF, Papadimitriou AG, Li XS. Sand plasticity model accounting for inherent
fabric anisotropy. Journal of Engineering Mechanics 2004;130(11):1319e33.
Dafalias YF, Manzari MT, Papadimitriou AG. SANICLAY: simple anisotropic clay
plasticity model. International Journal for Numerical and Analytical Methods in
Geomechanics 2006;30(12):1231e57.
Daouadji A, Hicher PY. An enhanced constitutive model for crushable granular
materials. International Journal for Numerical and Analytical Methods in Geo-
mechanics 2010;34(6):555e80.
Desai CS. Mechanics of materials and interfaces: the disturbed state concept. Lon-
don: CRC Press; 2001.
Einav I. Breakage mechanics-Part I: theory. Journal of the Mechanics and Physics of
Solids 2007a;55(6):1274e97.
Einav I. Breakage mechanics-part II: modelling granular materials. Journal of the
Mechanics and Physics of Solids 2007b;55(6):1298e320.
Einav I. Fracturepropagation inbrittlegranularmatter. Proceedings of theRoyalSociety
A: Mathematical, Physical and Engineering Sciences 2007c;463(2087):3021e35.
Einav I. Soil mechanics: breaking ground. Philosophical Transactions. Series A,
Mathematical, Physical, Engineering Sciences 2007d;365(1861):2985e3002.
Einav I, Houlsby GT, Nguyen GD. Coupled damage and plasticity models derived
from energy and dissipation potentials. International Journal of Solids and
Structures 2007;44(7e8):2487e508.
Einav I. A reﬁned DEM study of grain size reduction in uniaxial compression. In: The
12th International Conference of International Association for Computer
Methods and Advances in Geomechanics (IACMAG). Goa, India: International
Association for Computer Methods and Advances in Geomechanics (IACMAG);
2008. p. 702e8.
Fox ZP. Critical state, dilatancy and particle breakage of mine waste rock. MS Thesis.
Fort Collins, Colorado: Colorado State University; 2011.
Fu Z, Chen S, Liu S. Hypoplastic constitutive modelling of the wetting induced
creep of rockﬁll materials. Science China: Technological Sciences 2012;55(7):
2066e82.
Fu Z, Chen S, Peng C. Modeling the cyclic behaviour of rockﬁll materials within the
framework of generalized plasticity. International Journal of Geomechanics
2014;14(2):191e204.
Guan Z. Investigation of the 5.12 Wenchuan earthquake damages to the Zipingpu
water control project and an assessment of its safety state. Science in China
Series E: Technological Sciences 2009;52(4):820e34.
Gupta AK. Effect of particle size and conﬁning pressure on breakage and strength
parameters of rockﬁll materials. Electronic Journal of Geotechnical Engineering
2009a;14(Bund. H):1e12.
Gupta AK. Triaxial behaviour of rockﬁll materials. Electronic Journal of Geotechnical
Engineering 2009b;14(Bund. J):1e18.
Gupta AK. Constitutive modeling of rockﬁll materials. PhD Thesis. Delhi: Indian
Institute of Technology Delhi; 2000.
Hardin BO. Crushing of soil particles. Journal of Geotechnical Engineering
1985;111(10):1177e92.
Honkanadavar NP. Testing and modelling the behaviour of modeled and prototype
rockﬁll materials. PhD Thesis. Delhi: Indian Institute of Technology Delhi; 2010.
Honkanadavar NP, Gupta SL, Bajaj S. Deformability characteristics of quarried
rockﬁll material. International Journal of Earth Sciences and Engineering
2011;4(6):128e31.
Honkanadavar NP, Gupta SL, Ratnam M. Effect of particle size and conﬁning pres-
sure on shear strength parameter of rockﬁll materials. International Journal on
Advances in Civil Engineering and Architecture 2012;1(1):49e63.
Honkanadavar N, Sharma K. Testing and modeling the behaviour of riverbed and
blasted quarried rockﬁll materials. International Journal of Geomechanics
2013;14(6):04014028.
Hu W, Yin Z, Dano C, Hicher PY. A constitutive model for granular materials
considering grain breakage. Science China: Technological Sciences 2011;54(8):
2188e96.
Indraratna B, Wijewardena LSS, Balasubramaniam AS. Large-scale triaxial testing of
greywacke rockﬁll. Geotechnique 1993;43(1):37e51.
Indraratna B, Ionescu D, Christie HD. Shear behavior of railway ballast based on
large-scale triaxial tests. Journal of Geotechnical and Geoenvironmental Engi-
neering 1998;124(5):439e49.
Indraratna B, Salim W. Modelling of particle breakage of coarse aggregates incor-
porating strength and dilatancy. Geotechnical Engineering, Proceedings of
Institute of Civil Engineers 2002;155(4):243e52.
Indraratna B, Lackenby J, Christie D. Effect of conﬁning pressure on the degradation
of ballast under cyclic loading. Geotechnique 2005;55(4):325e8.
Indraratna B, Thakur PK, Vinod JS. Experimental and numerical study of railway
ballast behavior under cyclic loading. International Journal of Geomechanics
2010;10(4):136e44.
Indraratna B, Ngo NT, Rujikiatkamjorn C. Studying the deformation of coal fouled
ballast stabilised with geogrid under cyclic load. Journal of Geotechnical and
Geoenvironmental Engineering 2013;139(8):1257e89.
Indraratna B, Sun Q, Nimbalkar S. Observed and predicted behaviour of rail ballast
under monotonic loading capturing particle breakage. Canadian Geotechnical
Journal 2014;52(1):73e86.
Ishihara K. Liquefaction and ﬂow failure during earthquakes. Geotechnique
1993;43(3):351e451.Jefferies MG. Nor-Sand: a simple critical state model for sand. Geotechnique
1993;43(1):91e103.
Jiang J, Ling HI. A framework of an anisotropic elastoplastic model for clays. Me-
chanics Research Communications 2010;37(4):394e8.
Johannesson P, Tohlang S. Lessons learned from Mohale. International Journal of
Water Power and Dam Construction 2007;59(8):16e25.
Kaliakin VN, Dafalias YF. Veriﬁcation of the elastoplastic-viscoplastic bounding
surface model for cohesive soils. Soils and Foundations 1990;30(3):25e36.
Khalili N, Habte MA, Valliappan S. A bounding surface plasticity model for cyclic
loading of granular soils. International Journal for Numerical Methods in En-
gineering 2005;63(14):1939e60.
Krieg RD. A practical two-surface plasticity theory. Journal of Applied Mechanics
1975;42(3):641e6.
Lade PV, Yamamuro JA, Bopp PA. Signiﬁcance of particle crushing in granular ma-
terials. Journal of Geotechnical Engineering 1996;122(4):309e16.
Lashkari A. On the modeling of the state dependency of granular soils. Computers
and Geotechnics 2009;36(7):1237e45.
Lee KL, Farhoomand I. Compressibility and crushing of granular soil. Canadian
Geotechnical Journal 1967;4(1):68e86.
Li XS. Modeling of dilative shear failure. Journal of Geotechnical and Geo-
environmental Engineering 1997;123(7):609e16.
Li XS, Wang Y. Linear representation of steady-state line for sand. Journal of
Geotechnical and Geoenvironmental Engineering 1998;124(12):1215e7.
Li XS, Dafalias YF. Dilatancy for cohesionless soils. Geotechnique 2000;50(4):449e60.
Li XS, Dafalias YF. A constitutive framework for anisotropic sand including non-
proportional loading. Geotechnique 2004;54(1):41e55.
Li XS, Dafalias YF. Anisotropic critical state theory: role of fabric. Journal of Engi-
neering Mechanics 2012;138(3):263e75.
Liang RY, Sobhanie M, Shaw HL. A joint-invariant bounding surface plasticity model
for anisotropic behavior of sands. In: Saada A, Bianchini G, editors. Constitutive
equations for granular non-cohesive soils. Rotterdam: A.A. Balkema; 1988.
p. 383e401.
Liang RY, Shaw HL. Anisotropic hardening plasticity model for sands. Journal of
Geotechnical Engineering 1991;117(6):913e33.
Liang RY, Ma F. Anisotropic plasticity model for undrained cyclic behavior of clays I:
theory. Journal of Geotechnical Engineering 1992a;118(2):229e45.
Liang RY, Ma F. Anisotropic plasticity model for undrained cyclic behavior of clays.
II: veriﬁcation. Journal of Geotechnical Engineering 1992b;118(2):246e65.
Liang RY, Ma F. A uniﬁed elasto-viscoplasticity model for clays, part I: theory.
Computers and Geotechnics 1992c;13(2):71e87.
Liang RY, Ma F. A uniﬁed elasto-viscoplasticity model for clays, part II: veriﬁcation.
Computers and Geotechnics 1992d;13(2):89e102.
Ling HI, Liu H, Mohri Y, Kawabata T. Bounding surface model for geosynthetic re-
inforcements. Journal of Engineering Mechanics 2001;127(9):963e7.
Ling HI, Yue D, Kaliakin VN, Themelis NJ. Anisotropic elastoplastic bounding surface
model for cohesive soils. Journal of EngineeringMechanics 2002;128(7):748e58.
Liu H, Ling HI. Uniﬁed elastoplasticeviscoplastic bounding surface model of geo-
synthetics and its applications to geosynthetic reinforced soil-retaining wall
analysis. Journal of Engineering Mechanics 2007;133(7):801e15.
Liu H, Chen Y, Yu T, Yang G. Seismic analysis of the Zipingpu concrete faced rockﬁll
dam response to the 2008 Wenchuan, China, earthquake. Journal of Perfor-
mance of Constructed Facilities 2013;29(5):04014129.
Liu H, Zou D. Associated generalized plasticity framework for modeling gravelly
soils considering particle breakage. Journal of Engineering Mechanics
2013;139(5):606e15.
Lobo-Guerrero S, Vallejo LE. Analysis of crushing of granularmaterial under isotropic
and biaxial stress conditions. Soils and Foundations 2005;45(4):79e87.
Lobo-Guerrero S, Vallejo L. Modeling granular crushing in ring shear tests:
experimental and numerical analyses. Soils and Foundations 2006a;46(2):
147e57.
Lobo-Guerrero S, Vallejo LE. Discrete element method analysis of railtrack ballast
degradation during cyclic loading. Granular Matter 2006b;8(3e4):195e204.
Lobo-Guerrero S, Vallejo LE, Vesga LF. Visualization of crushing evolution in gran-
ular materials under compression using DEM. International Journal of Geo-
mechanics 2006;6(3):195e200.
Lowe J. Shear strength of coarse embankment dam materials. In: Proceedings 8th
International Congress on large dams, ICOLD, 3. Edinburgh: Scotland; 1964.
p. 745e61.
Manzari MT, Dafalias YF. A critical state two-surface plasticity model for sands.
Geotechnique 1997;47(2):255e72.
Manzari MT, Nour MA. On implicit integration of bounding surface plasticity
models. Computers & Structures 1997;63(3):385e95.
Marachi ND, Chan CK, Seed HB, Duncan JM. Strength and deformation character-
istics of rockﬁlls materials. Berkeley: University of California at Berkeley; 1969.
Marachi ND, Chan CK, Seed HB. Evaluation of properties of rockﬁll materials. Journal
of Soil Mechanics and Foundations Division 1972;98(1):95e114.
Marsal RJ, Moreno A, Nunez RC, Moreno R. Research on the behavior of granular
materials and rockﬁll samples. Mexico: Comision Federal de Electricidad de
Mexico; 1965.
Marsal RJ. Large scale testing of rockﬁll materials. Journal of Soil Mechanics and
Foundations Division 1967;93(2):27e43.
McDowell GR, Bolton MD, Robertson D. The fractal crushing of granular materials.
Journal of the Mechanics and Physics of Solids 1996;44(12):2079e101.
McDowell GR, Bolton MD. On the micromechanics of crushable aggregates. Geo-
technique 1998;48(5):667e79.
Y. Xiao et al. / Journal of Rock Mechanics and Geotechnical Engineering 8 (2016) 415e422422McVay M, Taesiri Y. Cyclic behavior of pavement base materials. Journal of
Geotechnical Engineering 1985;111(1):1e17.
Ming HY, Li XS, Dafalias YF. Constitutive modeling of fabric anisotropy of sand.
Journal of Shenzhen University Science and Engneering 2007;24(4):331e8 (in
Chinese).
Miura N, Yamamoto T. Particle-crushing properties of sands under high stresses.
Technology Reports of the Yamaguchi University; 1976. p. 439e47.
Miura N, O-Hara S. Particle-crushing of a decomposed granite soil under shear
stresses. Soils and Foundations 1979;19(3):1e14.
Miura S, Yagi K, Asonuma T. Deformation-strength evaluation of crushable volcanic
soils by laboratory and in-situ testing. Soils and Foundations 2003;43(4):47e57.
Mroz Z, Norris VA, Zienkiewicz OC. Application of an anisotropic hardening model in
theanalysis of elasto-plastic deformationof soils. Geotechnique1979;29(1):1e34.
Muir Wood D. The magic of sands -the 20th Bjerrum lecture presented in Oslo, 25
November 2005. Canadian Geotechnical Journal 2007;44(11):1329e50.
Muir Wood D, Maeda K. Changing grading of soil: effect on critical states. Acta
Geotechnica 2008;3(1):3e14.
Muir Wood D, Kikumoto M, Russell A. Particle crushing and deformation behaviour.
In: Oka F, Murakami A, Kimoto S, editors. Prediction and simulation methods
for Geohazard mitigation. Boca Raton, Florida: CRC Press-Taylor & Francis
Group; 2009. p. 263e8.
Nakata AFL, Hyde M, Hyodo H, Murata H. A probabilistic approach to sand particle
crushing in the triaxial test. Geotechnique 1999;49(5):567e83.
Nguyen GD, Einav I. The energetics of cataclasis based on breakage mechanics. Pure
and Applied Geophysics 2009;166(10):1693e724.
Pastor M, Zienkiewicz OC, Chan AHC. Generalized plasticity and the modelling of
soil behaviour. International Journal for Numerical and Analytical Methods in
Geomechanics 1990;14(3):151e90.
Rowe PW. The stress-dilatancy relation for static equilibrium of an assembly of
particles in contact. Proceedings of The Royal Society London: Proceedings A
1962;269(1339):500e27.
Russell AR, Khalili N. A bounding surface plasticity model for sands exhibiting
particle crushing. Canadian Geotechnical Journal 2004;41(6):1179e92.
Russell AR. A compression line for soils with evolving particle and pore size dis-
tributions due to particle crushing. Geotechnique Letters 2011;1(1):5e9.
Salim W, Indraratna B. A new elastoplastic constitutive model for coarse granular
aggregates incorporating particle breakage. Canadian Geotechnical Journal
2004;41(8):657e71.
Schoﬁeld AN, Wroth CP. Critical state soil mechanics. London: MacGraw-Hill; 1968.
Seif El Dine B, Dupla JC, Frank R, Canou J, Kazan Y. Mechanical characterization of
matrix coarse-grained soils with a large-sized triaxial device. Canadian
Geotechnical Journal 2010;47(4):425e38.
Sheng D, Yao Y, Carter JP. A volumeestress model for sands under isotropic and
critical stress states. Canadian Geotechnical Journal 2008;45(11):1639e45.
Sun QD, Indraratna B, Nimbalkar S. Effect of cyclic loading frequency on the per-
manent deformation and degradation of railway ballast. Geotechnique
2014a;64(9):746e51.
Sun Y, Indraratna B, Nimbalkar S. Three-dimensional characterisation of particle
size and shape for ballast. Geotechnique Letters 2014b;4(3):197e202.
Sun YF, Xiao Y, Ju W. Bounding surface model for ballast with additional attention
on the evolution of particle size distribution. Science China Technological Sci-
ences 2014c;57(7):1352e60.
Taiebat M, Dafalias YF. SANISAND: simple anisotropic sand plasticity model. Inter-
national Journal for Numerical and Analytical Method in Geomechanics
2008;32(8):915e48.
Taiebat M, Dafalias YF, Peek R. A destructuration theory and its application to
SANICLAY model. International Journal for Numerical and Analytical Methods in
Geomechanics 2010;34(10):1009e40.
Taiebat M, Kaynia AM, Dafalias YF. Application of an anisotropic constitutive model
for structured clay to seismic slope stability. Journal of Geotechnical and Geo-
environmental Engineering 2011;137(5):492e504.
Thakur PK, Vinod JS, Indraratna B. Effect of particle breakage on cyclic densiﬁcation
of ballast: a DEM approach. In: 9th World Congress on Computational Me-
chanics and 4th Asian Paciﬁc Congress on Computational Mechanics. IOP
Conference Series: Materials Science and Engineering; 2010. p. 1e7.
Ueng TS, Chen TJ. Energy aspects of particle breakage in drained shear of sands.
Geotechnique 2000;50(1):65e72.
Varadarajan A, Sharma K, Desai C, Hashemi M. Constitutive modeling of a schistose
rock in the Himalaya. International Journal of Geomechanics 2001;1(1):83e107.
Varadarajan A, Sharma KG, Venkatachalam K, Gupta AK. Testing and modeling
two rockﬁll materials. Testing and modeling the behaviour of two rockﬁll
materials. Journal of Geotechnical and Geoenvironmental Engineering
2003;129(3):206e18.
Varadarajan A, Sharma KG, Abbas SM, Dhawan AK. Constitutive model for rockﬁll
materials and determination of material constants. International Journal of
Geomechanics 2006;6(4):226e37.
Vasistha Y, Gupta AK, Kanwar V. Prediction of shear strength parameters of two
rockﬁll materials. Electronic Journal of Geotechnical Engineering 2012;17(Bund.
W):3221e32.
Vasistha Y, Gupta AK, Kanwar V. Medium triaxial testing of some rockﬁll materials.
Electronic Journal of Geotechnical Engineering 2013;18(Bund. D):923e64.
Wan RG, Guo PJ. A simple constitutive model for granular soils: modiﬁed stress-
dilatancy approach. Computers and Geotechnics 1998;22(2):109e33.Wang J, Yan H. DEM analysis of energy dissipation in crushable soils. Soils and
Foundations 2012;52(4):644e57.
Wang LZ, Dan HB, Li LL. Modeling strain-rate dependent behavior of KR0-consoli-
dated soft clays. Journal of Engineering Mechanics 2012;138(7):738e48.
Wang ZL, Dafalias YF, Shen CK. Bounding surface hypoplasticity model for sand.
Journal of Engineering Mechanics 1990;116(5):983e1001.
Wang ZL, Dafalias YF, Li XS, Makdisi FI. State pressure index for modeling sand
behavior. Journal of Geotechnical and Geoenvironmental Engineering
2002;128(6):511e9.
Xiao Y, Liu HL, Zhu JG, Shi WC, Liu MC. A 3D bounding surface model for rockﬁll
materials. Science China: Technological Sciences 2011;54(11):2904e15.
Xiao Y, Liu HL, Zhu JG, Shi WC. Modeling and behaviours of rockﬁll materials in
three-dimensional stress space. Science China: Technological Sciences
2012;55(10):2877e92.
Xiao Y, Liu H, Chen Y, Jiang J. Strength and deformation of rockﬁll material based on
large-scale triaxial compression tests. I: inﬂuences of density and pressure.
Journal of Geotechnical and Geoenvironmental Engineering 2014a;140(12):
04014070.
Xiao Y, Liu H, Chen Y, Jiang J. Strength and deformation of rockﬁll material based
on large-scale triaxial compression tests. II: inﬂuence of particle breakage.
Journal of Geotechnical and Geoenvironmental Engineering 2014b;140(12):
04014071.
Xiao Y, Liu H, Chen Y, Jiang J. Bounding surface model for rockﬁll materials
dependent on density and pressure under triaxial stress conditions. Journal of
Engineering Mechanics 2014c;140(4):04014002.
Xiao Y, Liu H, Chen Y, Jiang J. Bounding surface plasticity model incorporating the
state pressure index for rockﬁll materials. Journal of Engineering Mechanics
2014d;140(11):04014087.
Xiao Y, Liu H, Chen Y, Jiang J, Zhang W. Testing and modeling of the state-dependent
behaviors of rockﬁll material. Computers and Geotechnics 2014e;61:153e65.
Xiao Y, Liu H, Chen Y, Zhang W. Particle size effects in granular soils under true
triaxial conditions. Geotechnique 2014f;64(8):667e72.
Xiao Y, Liu H, Desai CS. New method for improvement of rockﬁll material with
polyurethane foam adhesive. Journal of Geotechnical and Geoenvironmental
Engineering 2015a;141(2):2814003.
XiaoY, LiuH, SunY, LiuH, ChenY. Stress-dilatancybehaviors of coarse granular soils in
three-dimensional stress space. Engineering Geology 2015b;195(9):104e10.
Xiao Y, Liu H, Chen Y, Jiang J, Zhang W. State-dependent constitutive model for
rockﬁll materials. International Journal of Geomechanics 2015c;15(5):
04014075.
Xiao Y, Sun YF, Hanif KF. A particle-breakage critical state model for rockﬁll ma-
terial. Science China Technological Sciences 2015d;58(7):1125e36.
Xu M, Song E. Numerical simulation of the shear behavior of rockﬁlls. Computers
and Geotechnics 2009;36(8):1259e64.
Yang BL, Dafalias YF, Herrmann LR. A bounding surface plasticity model for con-
crete. Journal of Engineering Mechanics 1985;111(3):359e80.
Yao YP, Hou W, Zhou A. Constitutive model for overconsolidated clays. Science in
China Series E: Technological Sciences 2008a;51(2):179e91.
Yao YP, Yamamoto H, Wang ND. Constitutive model considering sand crushing. Soils
and Foundations 2008b;48(4):603e8.
Yao YP, Hou W, Zhou AN. UH model: three-dimensional uniﬁed hardening model
for overconsolidated clays. Geotechnique 2009;59(5):451e69.
Yao Y, Gao Z, Zhao J, Wan Z. Modiﬁed UH model: constitutive modeling of over-
consolidated clays based on a parabolic Hvorslev envelope. Journal of
Geotechnical and Geoenvironmental Engineering 2012;138(7):860e8.
Yao YP, Kong YX. Extended UH model: three-dimensional uniﬁed hardening
model for anisotropic clays. Journal of Engineering Mechanics 2012;138(7):
853e66.
Yu HS. CASM: a uniﬁed state parameter model for clay and sand. International
Journal for Numerical and Analytical Methods in Geomechanics 1998;22(8):
621e53.
Yu HS. Plasticity and geotechnics. Berlin: Springer; 2006.
Yu HS, Khong C, Wang J. A uniﬁed plasticity model for cyclic behaviour of clay and
sand. Mechanics Research Communications 2007a;34(2):97e114.
Yu HS, Tan SM, Schnaid F. A critical state framework for modelling bonded geo-
materials. Geomechanics and Geoengineering 2007b;2(1):61e74.
Dr. Hanlong Liu graduated in civil engineering from
Zhejiang University of China in 1986. From 1986 to 1988 he
obtained MSc. from Hohai University. In 1994, he received
PhD with a thesis on rockﬁll dam from Hohai University.
Subsequently, he worked at Hohai University as full pro-
fessor for study the soil dynamics and geotechnical
earthquake engineering, soil improvement and foundation
engineering, soil behavior and dam engineering, geo-
environmental and disaster prevention, and rockﬁll dam
engineering. Now, he is the dean and professor of School of
Civil Engineering of Chongqing University.
Contact information: Shazheng Street 83, Chongqing
400045, China.
Tel: þ86 23 6512 6279
E-mail: hliuhhu@163.com
